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Abstract  
In this work, a comprehensive research coupling experiment and computation has been 
performed to understand the phase transition of Na3SbS4 and to synthesize cubic Na3SbS4 (c-
Na3SbS4), a high temperature phase of Na3SbS4 that is difficult to be preserved from high 
temperature. The formation of c-Na3SbS4 is verified by Rietveld refinement and 
electrochemical impedance spectroscopy. Both experiment and theoretical calculation reveal 
that the ionic conductivity of c-Na3SbS4 is higher than that of t-Na3SbS4, though the values 
are in the same order of magnitude. Both structures allow fast ion transport. 
Keywords: solid electrolytes, sodium superionic conductors, sulfides, chalcogenide, phase 
transition 
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Introduction 
The earth abundant sodium as well as its proper redox potential have stimulated the 
development of sodium ion batteries for high capacity rechargeable batteries used in large-
scale energy storage, including electric vehicles and electrical grid energy storage.1-4 In 
parallel, further development toward high energy density and large-scale batteries has raised 
safety concerns regarding conventional rechargeable batteries with liquid electrolytes because 
of the instability of organic liquid electrolytes and the hazards of electrolyte leakage.5-11 All-
solid-state batteries have attracted worldwide attention because of several advantages, 
including absence of leakage, wide electrochemical windows, high thermal stability, as well 
as direct-stacking of batteries for high operating voltages and volumetric miniaturization.12-15 
Therefore, the merits of all-solid-state sodium ion batteries (ASSIBs) are ideal for high 
capacity large-scale energy storage and severe safety-concerned application, e.g., public 
transport. One of the main challenges in the development of ASSIBs is the lack of a sodium 
solid electrolyte with high ionic conductivity at room temperature.16, 17 It is essential to 
develop new solid electrolyte with high ionic conductivity through carful composition and 
structure design.  
Among various fast ion conductors, sulfides have been studied intensively as one of the 
promising inorganic solid electrolytes.14, 15, 18-21 This type of materials takes the advantages of 
high ionic conductivity, low sintering temperature, and negligible grain-boundary resistance 
that is compacted by conventional cold-press conditions. Such room temperature pressing 
technique is favorable for assembling all-solid-state batteries. However, up to now only a few 
sulfide-based or sulfide-analogous Na-solid electrolytes have been developed, e.g. Na3PS4 
and its related compounds,22-34 Se-based compounds,35-38 Na3SbS4,39-41 Na10SnP2S12,42 and 
Na10GeP2S12.43  
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Cubic Na3PS4,22 synthesized by Prof. Hayashi and co-workers in 2012, is regarded as the 
milestone of sulfide sodium superionic conductors with high ionic conductivity at room 
temperature (0.2 mS/cm). Further improvements with the values of 0.4624 and 0.7444 mS/cm 
were achieved in the same group by using high purity starting materials and doping Si, 
respectively. These values are two orders of magnitude higher than that of tetragonal phase 
Na3PS4.45 Another cubic compound Na3PSe4 exhibits even higher ionic conductivity with the 
value over 1 mS/cm.37, 38 Although these results suggest that cubic structure is more 
promising for faster ion conduction in contrast to tetragonal structure, the subsequent 
computational investigations indicate that cubic and tetragonal Na3PS4 show comparable ionic 
conductivity.29, 31 On the other hand, defects are thought to play a more important role than 
phase structure in ion diffusion mechanism.29-32, 37, 46, 47 However, the impact of phase 
structure on ion diffusion have not yet been directly clarified by means of experimental 
comparison. 
Very recently, tetragonal Na3SbS4 (t-Na3SbS4) has been investigated in our and some other 
groups and found to be a very promising sodium solid electrolyte.39-41 The structural analysis 
shows a space group P-421c with the lattice parameters a,b = 7.1597 (5) Å and c = 7.2906(6) 
Å.39 This dimension is just slightly elongated by c axis from its cubic symmetry.48 We were 
thus motivated to systematically investigate the phase transition of Na3SbS4 between the cubic 
and the tetragonal structures and compare their ion transport properties. Here, we report 
synthesis of both t- and c-Na3SbS4 and a comprehensive study on phase transition in Na3SbS4 
through differential scanning calorimetry (DSC), X-ray powder Diffraction (XRD), as well as 
electrochemical impedance spectroscopy (EIS). The influence factors on ion transport are 
studied including the phase structure and the crystallization status. In addition, theoretical 
simulations were performed to further understand the Na+ diffusion performance in c- and t-
Na3SbS4. 
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Methods 
Computational methods  
First principles calculations based on density functional theory (DFT) were performed by 
employing the Vienna ab initio simulation package (VASP). The exchange-correlation energy 
was treated within the generalized gradient approximation (GGA), using the functional of 
Perdew-Burke-Ernzerhof (PBE). The kinetic energy cutoff is 280 eV. Structures were 
optimized with the conjugate gradient method. The energy convergence value between two 
consecutive steps was set as 10-6 eV. A maximum force of 10-2 eV/Å was allowed on each 
atom. The Brillouin zone was sampled using a 7×7×7 Monkhorst-Pack k-point scheme for 
relaxing a single unit cell, and a 2×2×2 Monkhorst-Pack k-point scheme for a 2×2×2 supercell. 
For AIMD calculations, a 2 × 2 × 2 supercell was used with a k-point mesh of 1 × 1 × 1. The 
time between AIMD steps was 2 fs, and the total simulation time was 70 ps. The AIMD 
simulations were performed in the NVT ensemble with velocity scaling at every time step. In 
all cases an equilibration time of 2.5 ps was applied to allow the system to reach equilibrium 
during the AIMD simulations. 
Synthesis of Na3SbS4  
Tetragonal Na3SbS4 precursor was synthesized by solid state reaction.39 Na granule (AR, 
Sinopharm), Sb powder (99.999%, Sinopharm), and S powder (99.999%, Alfa) were used as 
starting materials. These materials were weighed in an argon-filled glove box with H2O, O2 < 
0.5 ppm according to the molar ratio of Na:Sb:S = 3:1:4 and loaded into a glassy carbon 
crucible vacuum-sealed in a quartz tube. The mixture was slowly heated to 700 °C, dwelled 
for 12 h, and cooled down naturally in the furnace. The resulted sample is designated as 
MNC1 and used as the precursors to prepare c-Na3SbS4.  
Materials characterization  
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X-ray diffraction (XRD) measurements were carried out with a Rigaku D/MAX-2500/PC 
(Cu Kα, 40 kV 200mA). In situ XRD were measured from room temperature to 250 °C with 
30 min dwelling before recording. Rietveld refinements were performed using the 
FULLPROF program to determine the filling fraction (FF) and lattice parameter. Raman 
scattering measurements were performed using a Renishaw inVia system with a 514.5 nm 
excitation source. DSC profiles were recorded on a Perkin-Elmer DSC8000 with a scan rate 
of 10 °C/min. 
Electrochemical measurement  
AC impedance was determined using an impedance analyzer (Princeton P4000) in the 
frequency range of 0.1 Hz – 2 MHz. Temperature dependence of conductivity was recorded 
during the heating scan in the range of room temperature to 215 °C. The pellets for 
measurements were cold-pressed at ~300 MPa with stainless-steel foils placed on both sides 
of the pellets. Stainless-steel rods were used as current collectors. 
Results and Discussion 
DSC measurements of MNC1 show that a reversible phase transition appears at 170 °C 
during heating and 169 °C during cooling, respectively, though the peak intensity is weak. 
These phase transitions relate to the tetragonal phase transformed to the cubic phase and the 
cubic phase inversely transformed to the tetragonal phase, respectively. c-Na3SbS4 is a high 
temperature phase of t-Na3SbS4. 
Therefore, we have tried to prepare c-Na3SbS4 including high energy ball milling (HBM) 
and low energy ball milling (LBM). The sample subjected to HBM with a rotation speed of 
250 rpm is designated as HBM1. Figure 1 displays the XRD profile of HBM1. Fitting the 
pattern using Rietveld refinement, cubic model is more accurate than tetragonal model. The 
lattice parameters of c-Na3SbS4 are a = b = c = 0.71910 (7) nm, which are close to those of t-
Na3SbS4.39 Each unit cell consists of two SbS4 units with Sb atoms situated on the 2a sites and 
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S atoms on the 8c sites, and Na atoms occupying the 6b sites. The diffusion channels formed 
by SbS4 tetrahedra provide orthogonal 3D conduction pathways for Na+. 
LBM was performed with a slow rotation speed of 100 rpm to reduce the grain size as close 
as possible to that of HBM1 meanwhile keeps a tetragonal-dominated structure. Figure 2 
shows the XRD profiles of the sample prepared by LBM for 20 h. The sample is designated as 
LBM1. The precursor (MNC1) and HBM1 were presented for comparison. The peak widths 
were broadened after LBM in contrast to those of the precursor. The crystallite size was 
calculated to be 18 nm from ‘SYSSIZE’.49 This value is comparable to that of HBM1 (16 nm).  
The ion transprot property of c-Na3SbS4 (HBM1) and t-Na3SbS4 (LBM1) are illustrated in 
Figure 3. Room temperature Nyquist impedance plots (Figure 3a) contains a small semicircle 
in the high-frequency region and a linear spike in the low-frequency region, associated with a 
small grain boundary resistance and capacitive behavior similar to the blocking electrodes (a 
typical ionic conductor). The total resistance (including the bulk and grain-boundary 
resistances) of c- and t-Na3SbS4 are 80 Ω and 127 Ω, respectively, from which the ionic 
conductivities are calculated to be 2.8 and 1.77 mS/cm. The inset of Figure 3a shows the ionic 
conductivity (σ) of t-Na3SbS4 as a function of LBM time. The ionic conductivity increases 
monotonously with increasing milling time from 0 to 20 h, indicating a benefit of reduction of 
grain size.  
Figure 3b shows the temperature dependence of the ionic conductivity of c- and t-Na3SbS4. 
The former demonstrates a linear dependence of logσ vs. (1/T) following the Arrhenius law, 
while the latter displays a distinct inflection point at about 100 °C generating two linear 
sections. The turning point we interpret as a result of the appearance of phase transition, 
which leads to a narrowed difference of ionic conductivity between the two samples at high 
temperature. The phase transition temperature of t-Na3SbS4 transformed from tetragonal to 
cubic measured by AC impedance method is lower than that measured by DSC. This may be 
  7
induced by the pressure loaded during AC impedance measurements. The activation energy 
for c-Na3SbS4 is Ea = 0.06 eV and for t-Na3SbS4 is Ea = 0.25 eV for tetragonal segment and Ea 
= 0.08 eV for cubic segment. The values of the cubic phase are close to each other for the two 
samples. In addition, samples were annealed at 120 °C to evaluate the influence of the glasses 
on ion transport, as shown in the inset of Figure 3b. MNC1 is glass-free since no glass 
transition peak was observed. The ionic conductivity of MNC1 before and after annealing 
keeps almost unchanged, but that of HBM1 increases after annealing. The enhanced 
conductivity is attributed to the precipitation of crystalline phase from glasses by heat 
treatment, which has proven to be a useful way to enhance ion transport.12   
AIMD simulations were also performed to study Na+ diffusivity in Na3SbS4, as illustrated 
in Figure 3c. Our preliminary work reveals that the diffusivity is negligible in stoichiometric 
Na3SbS4 with perfect structure, while it is significantly enhanced in vacancy contained 
structure. This is analogous with those of Na3PS4 and Na3PSe4 previously reported.29, 31, 37 The 
diffusion ability of c- and t-Na2.94SbS4, with the assumption of no phase transition, is therefore 
modeled with the structure containing 2% Na vacancies. The vacancies were set to occupy in 
6b and 2a sites for c- and t-Na2.94SbS4, respectively. Na+ diffusion coefficient D was derived 
from the mean-squared displacement (MSD) data shown in the inset of Figure 3c. Na+ 
diffusion increases with increasing temperature for both structures. Na+ diffusivity in cubic 
structure is higher than that in tetragonal structure when T < 800 K. After that, the tetragonal 
structure shows slightly higher diffusivity. According to the results in Figure 3b, supposing no 
phase transition appears for t-Na3SbS4 at high temperature, i.e., extrapolating the plot of logσ 
versus (1/T) at lower temperature section to a high temperature region, the ionic conductivity 
of t-Na3SbS4 would higher than that of c-Na3SbS4.  
 
4. Conclusions 
  8
To summarize, a detail study has been carried out on synthesis, phase transformation, and 
ion transport for c- and t-Na3SbS4. DSC and in situ XRD demonstrate that the structural 
transition is reversible between cubic and tetragonal. c-Na3SbS4 is a high temperature phase 
of t-Na3SbS4. The evidence of formation of cubic phase has been addressed by Rietveld 
refinement of XRD profile fitted with both cubic and tetragonal models, where the former 
runs obvious lower reliability factors than the latter. Due to the phase transition from 
tetragonal to cubic in t-Na3SbS4 at high temperature, temperature dependence of the ionic 
conductivity for c-Na3SbS4 follows the Arrhenius law while that for t-Na3SbS4 appears two 
line sections with a distinct turning point. Both calculating and experimental data demonstrate 
that the ionic conductivity of the cubic phase is higher than that of the tetragonal phase, 
though the values are in the same order of magnitude. 
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Figure 1. Rietveld refinement patterns of high energy ball-milled Na3SbS4 fitting with cubic models. 
 
 
Figure 2. XRD profiles of MNC1, HBM1, and LBM1, prepared by the methods of melting, HBM, and LBM, 
respectively. 
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Figure 3. (a) Nyquist impedance plot of at room temperature. The inset shows the ionic conductivity of t-
Na3SbS4 as a function of LBM time. (b) Arrhenius conductivity plots of HBM1 (c-Na3SbS4) and MNC1 (t-
Na3SbS4) in the temperature range of room temperature to 220 °C. The inset shows the ionic conductivity before 
and after annealing at 120 °C for HBM1 and MNC1. (c) Arrhenius plots of AIMD simulated Na+ diffusivities for 
c- and t-Na2.94SbS4 with 2% Na vacancies. The insets display MSD of Na simulated at various temperature. For 
tetragonal structure Na vacancies were set to locate in 2a sites. 
 
